R ECENTLY two cases of pulmonary infarction were encountered which showed atypical clinical manifestations. At autopsy, in each instance a thrombus was found straddling a patent foramen ovale, suggesting a functional shunt during life. It is the purpose of this paper to describe the associated syndrome.
Although some 48 instances of a clot caught in a patent foramen ovale have been described since 1859, there has been no uniformity in terminology or clarity of thought regarding it. Many have been described as "paradoxic embolism" and a recent paper' refers to it as "Lodging of an Embolus in a Patent Foramen Ovale." The term "paradoxic embolism" was originally devised by Zahn2 in 1885 to describe a condition in which emboli derived from the systemic venous system reached the systemic arterial system by passing through an abnormal communication between the chambers of the heart. It is apparent that this occurs when a small thrombus passes through a cardiac septal defect, but this is quite different from the event of a large thrombus being caught in the septal defect with consequent occlusion of its lumen. Thus embolic occlusion of a patent foramen ovale is to be distinguished from "paradoxic embolism" which may or may not accompany it.
Autopsy specimens showing a thrombus caught in the act of traversing an atrial septal defect have been of interest only as anatomic From the Departments of Pathology and Medicine, University of Manitoba, and the Winnipeg General Hospital, Winnipeg, Canada.
Presented before the Canadian Heart Association, Lake Louise, Alberta. June 10, 1952. 394 confirmation that paradoxic embolism does occur. Many of the patients were thought to have died of "further pulmonary embolism," and the surprise finding of a thrombus occluding a patent foramen ovale has been regarded as a coincidental occurrence. According to Vimtrup,' the earliest account of such a conidition is that of Wallman,4 who in 1859, wrote: "I have found a tough clot resembling thrombus in the auricular and ventricular cavities of three hearts, in which a firm cord of thrombus passed through a valvular patency of the foramen ovale from the left into the right auricle. In these three instances one supposes that at the end of life, when auricular pressure relationships may alter, a transfer of blood from one to another auricle might occur." Despite the implication that such an occlusion might have had serious hemodynamic consequences, it does not appear that these have been recognized although both Kyber' and Johnson6 briefly alluded to the possibility. 19 with acute diffuse peritonitis and paralytic ileus. Slow symptomatic improvement followed intubation, antibiotic therapy and intravenous feeding. On August 8, pulmonary embolism was diagnosed, following an attack of sudden, substernal, breath-catching pain with dullness in the right lower lobe posteriorly. Two days later clear fluid aspirated from a right pleural effusion yielded no growth or culture. By August 14 it was evident that the peritonitis had localised with pelvic and subphrenic abscess formation.
The right twelfth rib was resected at an elective operation for drainage of the latter on August 17. While separating adhesions manually over the dome of the liver, several hundred cubic centimeters of clear yellow fluid gushed forth, and the surgeon believed he had inadvertently entered the right pleural cavity. The patient immediately blanched, respiration ceased, and the radial pulse became feeble, then imperceptible. After hearing an initial precordial churning murmur, the anesthetist heard no heart sounds and blood pressure was unobtainable. A new epigastric incision showed apparent cardiac standstill; direct cardiac massage gradually restored beating after a three minute pause. Further exploration was abandoned. The pulse was again found to vanish when turning the patient on her right side during dressing, to reappear when supine. A portable radiograph showed a right pneumothorax. No intracardiac translucencies, as described by Taylor,7 were distinguishable on review. Her condition deteriorated two hours later and 500 cc. of air were aspirated and closed pleural suction drainage set up. Convulsive twitching of limbs was noticed in the next hour. Deep coma persisted with profuse perspiration, ashen cyanosis unrelieved by oxygen, labored respiration at 30 per minute, irregular tachycardia of 150 per minute, and a blood pressure of 160/100. The blood pressure fell abruptly 45 hours after operation to 100/80 and there was steady deterioration to death 40 minutes later.
At autopsy three hours later, the cranial cavity was first explored with care, then the thoracic cavities opened under water, using the technics recommended to demonstrate air embolism. Bubbles up to 2 mm. diameter were enmeshed in postmortem clot in the sagittal sinus, with minute bubbles in the superficial cerebral vessels and emissary veins in all areas. The brain showed no gross changes. A right pneumothorax at atmospheric pressure was detected by needle exploration with manometric attachment. A few tiny bubbles were present in branches of the coronary artery over the anterior surface of both ventricles. Earlv fibrinous pericarditis was present. Some bloody froth occupied the ventral parts of the right ventricle and pulmonary artery with small amounts in the right atrium. A nonadherent antemortem thrombus, 5.3 cm. long and 0.3 cm. in diameter was held in a slit-like anterior valvular patency of the foramen ovale 0.5 cm. in diameter. Some 1.8 cm. projected into the left atrium, neither rounded end showing fragmentation ( fig. 3 ).
The completely atelectatic right lung showed fibrinous pleuritis and two brownish friable infarcts, 3.0 and 1.8 cm. diameter in the lower lobe, the larger being septic. The latter lay posteromedially, an-shored superiorly by a band-like adhesion. A tear beginning in this attachment extended for 3.5 cm. through the infarct and intact lung to end in mediastinal pleura. Blue ink injected into the inferior vena caval termination, after clamping off the heart, returned through the medial end of this tear, but the communicating vein was not identified. In the depth of the packed laparotomy wound was a 6.0 cm. split of muscle forming the posterior part of the right diaphragmatic dome. This appeared to be the site of accidental entry into the pleura. The remaining lesions were an unopened right subphrenic abbeing an autopsy finding. In addition to being of interest in connection with the syndrome under consideration, this case has some significance in relation to paradoxic air embolism. The physiologic basis of air embolism, both in venous and arterial forms, has been reviewed by Durant5 while Merkel9 has reviewed paradoxic air embolism, a very rare variety.
In this patient, the clinical collapse with a classic churning murmur over the right 
DISCUSSION
Evidence for the anatomic and physiologic basis of paradoxic blood flow from right-to-left atrium has been presented in several reviews.6' 10 After birth the tension in the right atrium falls, and the higher pressure in the left atrium now becomes sufficient to establish competence of the valvelike flap over the foramen ovale. Lesions reversing this adult atrial pressure relationship re-establish the fetal shunt where patency persists. Foremost among such lesions are pulmonary embolism and infarction, where the following sequence develops: (1) pulmonary embolism occurs and the pressure in the right atrium rises; (2) when this exceeds the left atrial pressure, blood flows through the foramen ovale. Clearly a subsequent embolus arriving in the right atrium may then, if small, pass into the left atrium and arterial circulation, but if large, impaction results.
In cases of massive pulmonary embolism, it has been supposed by Johnson6 that "a patent foramen ovale would be instrumental in prolonging life by providing a much needed shunt." Kyber5 thought of it as "a sort of emergency outflow." The behavior of case 1 indicates that this is so, and in addition that when this shunt is blocked, death is precipitated. The fig. 1.) 4. At death cyanosis and venous distention are conspicuous due to acute cor pulmonale supervening when the decompressing shunt is blocked. emboli were present in the remainder of the group. In addition, Wolff and White (case 25) make a very short note2' in which the condition of the lungs is not specifically mentioned and "embolism of the descending branch of the left coronary artery" is also described. Finally, in Geipel's22 four cases (cases 26-29) there is insufficient clinical information on which to base any opinion. In summary, out of the 29 cases, 14 fall within the general clinical pattern described, five conform so far as their clinical detail goes, five showed sudden death alone, and five lack adequate history for appraisal. No striking exceptions occur.
40EMBOLIC OCCLUSION OF PATENT FORAMEiN OVALE
Because these cases have nearly always complicated pulmonary embolism, death has been ascribed to "further pulmonary embolism" without direct proof. From the foregoing discussion, it would seem obvious that death was, in fact, due to the intracardiac clot, as has been tentatively suggested. That such a clot is indeed a terminating event is supported by several additional observations. Barnard'S23 reported circumstances make it likely that the thrombus passed into the foramen ovale "as the heart was making its last beats," and French24 noted "it is evident there was no time for the embolus to be broken and thrown into fragments into the arterial circulation." In Young's11 case, the aorta also "contained an embolus which extended from the heart itself throughout the aortic arch." There are 21 detailed descriptions of the impacted embolus of the foramen ovale since 1925. The thrombi average 9.7 cm. in length, ranging up to 27.5 cm. but in no case is there evidence of fracture of the end in the left atrium. This feature is present even in those cases associated with peripheral arterial emboli. It is unlikely that brittle antemortem thrombi of such length could endure long in the atria without fracture. Of those dependent through heart valves, only a few pressure grooves are mentioned. It is noteworthy that 51.7 per cent (15 of 29 cases) showed no paradoxic emboli outside the heart itself. Thus, it seems clear that the heart stops within a few beats of the foraminal occlusion.
It is advantageous at this point to compare relevant features of uncomplicated pulmonary embolism. Using graded pulmonary arterial occlusions in cats, Haggart and Walker25 found no corresponding graded severity of symptoms. Although pulmonary arterial pressure rose, cardiac output was well maintained up to 60 per cent occlusion. Beyond this, a dramatic fall in cardiac output took place, with lowered systemic blood pressure and arterial oxygen saturation. In a clinical study, Thompson and Evans10 showed that depletion of the pulmonary circulation by more than a third was necessary to reverse atrial pressures, and that a sudden depletion of 50 per cent or more resulted in death, perhaps sudden, but within 30 minutes. In case 1 (case 9) although at least 50 per cent of the pulmonary arterial tree was occluded by adherent thrombi, death did not occur for over 50 hours. In table 1, the period of apparent recovery or palliation from pulmonary embolism ranges from one hour to four days. Evoy26 points out that in 246 fatal cases of pulmonary embolism, 92 per cent were dead within 24 hours, and (69 per cent were dead within one hour. Thus it is apparent that precarious survival for long periods is not a feature of uncomplicated pulmonary embolism. The essential difference between this and pulmonary embolism with patent foramen ovale is the decompression provided by the interatrial shunt. That the shunt does function to decompress is supported by electrocardiographic evidence available in four cases (cases 8, 9, 11, 13). I1 pulmonary embolism, the characteristic electrocardiographic picture is dependent on the production of an acute cor pulmonale. In the four cases associated with a patent forameni ovale, these changes have not been observed presumably beeause the right atrium was decompressed into the left until the terminal foraminal occlusion.
The iinflueince of other factors beside relative atrial pressure may be considered. "Pencil patency" (0.7 cm. diameter) of the foramen ovale persists in 1 per cent of adults of the average age at which confirmed paradoxic embolism occurs (51.5 years).10 However, reports of embolic occlusion of the foramen ovale are excessively rare. It seems to us that this infrequency depends on the relative sizes of the shunt and of the embolus rather than on the "element of chanice." The average diameter of the foramein ovale in cases reported after 1925 is 0.68 cm. and in 80 per cent the source of the emboli was in veins of pelvis or leg where the caliber of thrombi is likely to approximate that of the forameni.
Johnson6 believed that "the magnitude of the stream through the foramen ovale might well be as great as through the pulmonary artery." That it may be eveus greater is suggested by the situations of the impacted foraminial emboli reported since 1925. In only two instances did one pass through the tricuspid valve (cases 27, 28), while in four instances it passed through the mitral valve (cases 1, 2, 16, 21), and in three others long emboli remained coiled up in the right atrium (cases 4, 20) . In other words, the main flow was probably through the shunt.
We 6. In one of our cases, the foraminal occlusion was preceded by paradoxic air embolism. This is apparently the first instance of proven paradoxic air embolism, where the presence of a right-to-left interatrial shunt during life has been confirmed.
